Melanoma tumors usually retain wild-type p53; however, its tumor-suppressor activity is functionally disabled, most commonly through an inactivating interaction with mouse double-minute 2 homolog (Mdm2), indicating p53 release from this complex as a potential therapeutic approach. P53 and the tumor-promoter insulin-like growth factor type 1 receptor (IGF-1R) compete as substrates for the E3 ubiquitin ligase Mdm2, making their relative abundance intricately linked. Hence we investigated the effects of pharmacological Mdm2 release from the Mdm2/p53 complex on the expression and function of the IGF-1R. Nutlin-3 treatment increased IGF-1R/Mdm2 association with enhanced IGF-1R ubiquitination and a dual functional outcome: receptor downregulation and selective downstream signaling activation confined to the mitogen-activated protein kinase/extracellular signal-regulated kinase pathway. This Nutlin-3 functional selectivity translated into IGF-1-mediated bioactivities with biphasic effects on the proliferative and metastatic phenotype: an early increase and late decrease in the number of proliferative and migratory cells, while the invasiveness was completely inhibited following Nutlin-3 treatment through an impaired IGF-1-mediated matrix metalloproteinases type 2 activation mechanism. Taken together, these experiments reveal the biased agonistic properties of Nutlin-3 for the mitogen-activated protein kinase pathway, mediated by Mdm2 through IGF-1R ubiquitination and provide fundamental insights into destabilizing p53/Mdm2/IGF-1R circuitry that could be developed for therapeutic gain.
INTRODUCTION
Melanoma is the most deadly form of skin cancer, and strikingly, its incidence has doubled over the past four decades in Western populations. Although treatable by surgery at early stages, the disease has a high propensity to metastasize and clinical outcome from this stage results in a 5-year survival rate o 20%. 1 Melanoma originates from melanocytes in the skin, specialized pigment-producing cells that buffer and shield the body against the damaging effects of ultraviolet (UV) radiation. Hence, melanoma development is intricately connected to UV exposure. 2 It is perhaps not surprising that large-scale sequencing studies have established melanoma as among the cancers with the highest mutation load, thus correlating its pathogenicity with the molecular signatures of UV damage. 3 Yet, what makes melanoma stand out within this group of high mutation load cancers is the low mutation frequency of the p53 gene. 4 In contrast to other cancer types with similar mutation loads such as lung and colon cancers, in which p53 is mutated in about 80-90% of cases, only 10-20% of malignant melanomas contain somatic mutations in the TP53 gene. [5] [6] [7] The tumor-suppressor p53 prevents carcinogenesis by maintaining genetic stability through activating DNA repair mechanisms, inducing growth arrest and, if damage severity is beyond repair, initiating apoptosis. 8 In an unstressed environment, p53 is kept at low levels by its natural inhibitor Mdm2 (mouse doubleminute 2 homolog) through at least two main mechanisms: the direct binding of Mdm2 to the N-terminal end of p53 hinders its nuclear translocation and transcriptional activation, while the Mdm2 E3 ubiquitin ligase targets p53 for degradation through the 26S proteasome. 9 When confronted with cellular stress of various types, including UV radiation and oncogene activation, the Mdm2/ p53 interaction is prevented leading to an extended half-life and enhanced p53 transcriptional activity. The system is returned to its low p53 equilibrium through a negative feedback loop, as p53 transcriptionally increases Mdm2. 10 Mdm2 was originally identified as being gene-amplified on double-minute chromosomes in transformed mouse fibroblasts, 11 and in line with its well-characterized role as a negative regulator of the tumor-suppressor p53, it is traditionally defined as an oncogene. Nevertheless, there is growing evidence suggesting the possibility that in the appropriate context Mdm2 can also exert inhibitory effects on cell proliferation thus acting as a tumor suppressor (for an extensive review, see Manfredi 12 ). Although the molecular basis underlying the growth-suppressing function of Mdm2 is far from being elucidated, one possible area of research, as related to its ubiquitin-ligase function, is that, in addition to p53, Mdm2 directly ubiquitinates and degrades other substrates. Within this theme, we described the involvement of Mdm2 in ubiquitination of the tumor-promoting insulin-like growth factor type 1 receptor (IGF-1R). 13 We proved that Mdm2 physically associated with and directly caused ubiquitination with subsequent degradation as well as downstream signaling activation of the IGF-1R and this effect was independent of the p53 status (that is, wild type or mutated). [14] [15] [16] As for many other tumor types, IGF-1R has been demonstrated to have a central role in the progression and maintenance of the malignant phenotype of melanoma cells. This includes autocrine stimulation through IGF-1 ligand/IGF-1R, 17 apoptosis prevention through activation of phosphatidylinositol 3′-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways, 18 even in tumors expressing activating downstream RAS/RAF mutations. 19 In particular, IGF-1R has been shown to have a crucial role in melanoma cell invasion and metastasis 20, 21 and anti-IGF-1R therapy has shown partial response in advanced melanoma patients. [22] [23] [24] [25] [26] Most malignant melanoma tumors retain wild-type p53 (wtp53) [5] [6] [7] and have instead developed alternative mechanisms, most commonly overproduction of Mdm2, for disabling p53 expression and function. [27] [28] [29] Small-molecule inhibitors have been developed with the aim of reactivating p53 by preventing its interaction with Mdm2. Nutlin-3 is one such small-molecule inhibitor, a cis-imidazoline analog, which binds to Mdm2 in the p53-binding pocket, thus preventing Mdm2-mediated p53 degradation, stabilizing p53 and additionally increasing its synthesis rate causing growth arrest. [30] [31] [32] [33] [34] Nutlin-3 has been studied in various cancer models, including melanoma, 35 yet all studies thus far have investigated exclusively the effects of p53 reactivation on cancer cell proliferation and survival. The aim of the present study is to specifically investigate the effects of Mdm2 reactivation following pharmacological disruption of the Mdm2/p53 complexes, focusing on another cancer relevant Mdm2 substrate, the IGF-1R, in the context of the malignant phenotype of melanoma cells.
RESULTS
Effects of Nutlin-3 on mutant and wtp53 melanoma cells Nutlin-3 is known to increase p53 levels by blocking its binding to Mdm2. In turn, as long as the downstream p53 pathway is not otherwise disabled, Mdm2 accumulates through p53 transcriptional activation. Aiming to investigate the effects of Mdm2 accumulation, the first experiments were designed to identify the dose high enough to induce Mdm2, yet with minimal p53-mediated effects on cell viability. We used a panel of melanoma cell lines with known p53 status: two wtp53 cell lines, DFB and MelJuSo, and two mutant (mtp53) cell lines, BE and SK-Mel28 (termed Mel28 throughout).
Initial characterization of the cell panel by western blotting (WB) analysis showed high basal p53 levels in the mtp53 BE and Mel28 cells relative to lower levels of p53 protein in the wtp53 cells DFB and MelJuSo (Figure 1a ). Mdm2 is correspondingly low in the mtp53 cells and relatively high in the wtp53 cells (Figure 1a ). In line with their p53 status, 3 days of treatment with micromolar concentrations of Nutlin-3 decreases the cell viability of wtp53 melanoma cells in a time-and dose-dependent manner while mtp53 cells were not (Mel28) or only slightly affected by high doses (BE; Figure 1b ). Submicromolar Nutlin-3 treatment showed no significant effect on cell viability in any of the cell lines (data not shown). Based on these experiments, a Nutlin-3 concentration of 1 μM, demonstrating minimal p53 proapoptotic effects within 48 h, was chosen for subsequent experiments.
Nutlin-3 treatment stabilizes Mdm2 and downregulates IGF-1R IGF-1R is a major ubiquitination substrate competing with p53 for the ubiquitin ligase Mdm2. 13, [36] [37] [38] [39] [40] [41] Following ligand stimulation, the adaptor protein β-arrestin 1 or -2 is recruited to the receptor C-terminal, mediating Mdm2 binding, receptor ubiquitination and degradation. 15, 42, 43 Nutlin-3 binds at the p53-binding pocket at the N-terminal of Mdm2 (amino acids (aa) 26-108), 32 whereas β-arrestin 1/IGF-1R binds to Mdm2 between aa 161 and 400, [42] [43] [44] therefore Nutlin-3 should not prevent β-arrestin 1/Mdm2 interaction (Figure 2a) . Thus, in the next experiments, we evaluated the effects of Nutlin-3 on IGF-1R expression. As demonstrated in Figure 2b , in wtp53 DFB cells, p53 and Mdm2 accumulate in a dose-dependent manner with a simultaneous decrease in IGF-1R expression. In the mtp53 cell line BE, the level of observed Mdm2 accumulation is lower than in the wtp53 cell lines and no significant changes in p53 nor IGF-1R were observed after 24 h of treatment. Similarly, a single dose (1 μM) with different durations of treatment causes wtp53 cells to decrease IGF-1R expression alongside Mdm2 accumulation, while in mtp53 BE cells, IGF-1R downregulation is slower and occurs to a much lesser extent (Figure 2c) , with a parallel increase in Mdm2 levels. The wtp53 cell line MelJuSo demonstrated Nutlin-3-induced IGF-1R downregulation, while the second mtp53 cell line Mel28 showed no changes in Mdm2, p53 or IGF-1R following Nutlin-3 treatment (Figure 2d ). Together this data suggest that Nutlin-3 causes decreases in IGF-1R in wtp53 cells alongside the Mdm2 accumulation, while in mtp53 cells these effects are Ligand dependency of Nutlin-3 effects on IGF-1R downregulation Under physiological conditions, as with many other receptor tyrosine kinases, only ligand-occupied IGF-1R is degraded, 41, 45 although non-canonical degradation with non-classical ligands is recognized. 39, 40, 44, 46 Hence, we next tested whether ligand-receptor interaction was essential for Nutlin-3-mediated IGF-1R degradation. Serum-starved cells were treated with Nutlin-3 for 6 h, stimulated or not with IGF-1, and analyzed for p53, Mdm2 and IGF-1R level by WB (Figure 3a) . In the wtp53 cell lines, Nutlin-3 treatment results in the accumulation of both p53 and Mdm2, with the latter being increased more in the presence of IGF-1. Intriguingly and confirming the results in Figure 2b , Nutlin-3 treatment also causes accumulation of Mdm2 in a dose-dependent manner in both mtp53 cell lines, without modifying p53 levels ( Figure 3a , right panels), again more noticeable with IGF-1 stimulation.
The ligand and Nutlin-3 dose dependency was confirmed by densitometric quantification of the WB analysis across multiple experiments (Figure 3b ). The mtp53 cell line BE showed a trend toward Nutlin-3-dependent IGF-1R degradation in the presence of IGF-1 but only displayed a 20% decrease at 1 μM Nutlin-3 concentration, which did not reach statistical significance.
Mechanism of Nutlin-3-dependent IGF-1R downregulation The promoter region of the IGF-1R gene contains multiple potential binding sites for known onco-proteins and tumor suppressors, 47 and it has long been recognized that wtp53 interacts with the IGF-1R promoter and negatively regulates its transcription. [48] [49] [50] Hence, our next aim was to investigate whether the Nutlin-3-mediated reduction in IGF-1R was due to p53-mediated IGF-1R transcriptional inhibition Real-time quantitative reverse transcription-PCR (qRT-PCR) confirmed that 1 μM of Nutlin-3 treatment for 24 h caused no changes in IGF-1R mRNA level in any of the tested cell lines (Figure 4a ). In addition, WB analysis of the pro-IGF-1R (new protein en route to the cell surface) further confirmed that levels of newly synthesized IGF-1R were unchanged by Nutlin-3 (data not shown). Together, this suggests that Nutlin-3 IGF-1R downregulation is mediated through an increased degradation mechanism rather than decreased synthesis. To fully validate this mechanism, we investigated whether the IGF-1R physically associates with and is ubiquitinated by Mdm2 following Nutlin-3 treatment.
Direct protein association was tested by immunoprecipitation (IP) of IGF-1R and WB detection for the putative associated protein. This was performed without and with Nutlin-3 treatment for 6 h in the presence or absence of 10 min IGF-1 stimulation (Figure 4b ), allowing us to test whether we could detect basal association of the proteins and whether the interaction altered with ligand-mediated receptor conformational changes. In serumstarved conditions, recruitment of Mdm2 to the IGF-1R could be detected but at very low levels and greatly increased after IGF-1, indicating a ligand-dependent mechanism (Figure 4b ). Nutlin-3 treatment enhanced Mdm2 recruitment to IGF-1R, even in the absence of the ligand, suggesting that Mdm2 released from p53 by Nutlin-3 is available for binding to the IGF-1R. Ligand stimulation further increases Nutlin-3-induced IGF-1R/Mdm2. WB analysis of whole-cell lysates prior to IP confirmed equal IGF-1R among the treatment conditions and indicates the relative Mdm2 levels (Figure 4b ). The ligand dependency of this association implies that agonistinduced receptor conformational changes stabilizes IGF-1R/Mdm2 interaction. As Mdm2 is an E3-ligase, the next logical step was to assess whether this direct association leads to increased IGF-1R ubiquitination as detected by WB after IP of the IGF-1R from the same samples as in Figure 4b . In untreated, serum-starved cells, there were very low levels of receptor ubiquitination, which increases dramatically after 10 min of IGF-1 ( Figure 4c ). Consistent with the pattern observed for Mdm2/IGF-1R association, Nutlin-3 alone increases the levels of IGF-1R ubiquitination, which further increases when cells were IGF-1 stimulated for 10 min (Figure 4c were analyzed for effects of Nutlin-3 on IGF-1R expression. Cells treated as indicated in serum-free media for 6 h and were stimulated or not with IGF-1 (50 ng/ml) for 24 h. The effects of Nutlin-3 treatment on p53 and Mdm2 accumulation were analyzed in total protein lysates by WB using GAPDH as a loading control. IGF-1R levels analyzed by WB were quantified by densitometry, normalized to GAPDH and expressed as a percentage of the IGF-1R levels in the control-treated cells (graph). Data correspond to the mean ± s.e.m. from three independent experiments. Statistical analysis: Nutlin-3-treated IGF-1-mediated IGF-1R degradation compared with IGF-1-mediated degradation alone: *P o0.05.
Having shown that Nutlin-3 treatment results in Mdm2 reassignment, decreased p53 degradation, enhanced Mdm2/ IGF-1R association and subsequent receptor ubiquitination, we next asked whether there is a causative relationship between this process and receptor degradation. We used two different experimental systems: one without Mdm2/p53 loop and one expressing only IGF-1R deficient in binding Mdm2: (i) osteosarcoma SAOS2 cells, which lack Mdm2 and p53 loop and (ii) mouse embryonic fibroblast (MEF) cells knockout for IGF-1R and stably transfected with a C-terminal truncated IGF-1R (Δ1245) 51 alongside the equivalent MEF cells expressing full-length IGF-1R. The C-terminal truncated IGF-1R is unable to bind to β-arrestin, the adaptor protein directing the Mdm2-mediated IGF-1R ubiquitination. 42 In SAOS2 cells, we confirmed that Nutlin-3 treatment induced neither p53 nor Mdm2 accumulation, while both were increased in MEF WT, MEFΔ1245 and control DFB cell lines (Figure 4d Taken together, these experiments establish Mdm2-mediated ubiquitination and degradation of the IGF-1R as the key mechanism controlling Nutlin-3-induced IGF-1R downregulation.
Effects of Nutlin-3 on IGF-1R-mediated signaling The effect of Nutlin-3-induced Mdm2 recruitment to the IGF-1R: decreased levels of the receptor through ubiquitination and degradation is only evident after longer (12-24 h) IGF-1 stimulation, overshadowing any effects Nutlin-3 may have on IGF-1R-mediated shortterm signaling. We therefore explored the possible effects of Nutlin-3-mediated IGF-1R ubiquitination on signaling by treating serum-starved cells with Nutlin-3 for 8 h and then stimulating them with IGF-1 for up to 60 min. The effects on IGF-1R tyrosine kinase activation and downstream signaling through IRS/PI3K/AKT and Ras/Raf/MEK/extracellular signal-regulated kinase (ERK) pathways were verified by WB detection of phosphorylated IGF-1R, AKT and ERK as well as glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and total ERK as loading controls (Figure 5a) . In untreated cells, upon ligand stimulation the IGF-1R was phosphorylated within 2 min, demonstrating an increase in its kinase activity. Subsequently, both main signaling pathways were triggered as demonstrated by ERK and AKT phosphorylation (Figure 5a) . Autophosphorylation of the IGF-1R in Nutlin-3-treated cells was unchanged compared with the equivalent untreated cells, suggesting that all cells still express functional IGF-1R after 8 h of Nutlin-3 treatment. This translated into comparable signaling through the PI3K/AKT pathway. Intriguingly, Nutlin-3 treatment caused an earlier and increased phosphorylation of ERK compared with untreated cells, as quantified from multiple experiments (Figure 5b) . Notably, ERK activation was observed at time 0, in the absence of ligand stimulation in all cell lines except Mel28, which has high basal levels of phosphorylated ERK (Figures 5a and b) .
ERK activation levels evident at time 0 in the Nutlin-3 treatment groups is potentially dependent on Mdm2-mediated IGF-1R ubiquitination. We verified this dependency by repeating the experiment while suppressing IGF-1R expression with specific small interfering RNA (siRNA). Efficiency of IGF-1R depletion was confirmed by WB (Figure 5c ). In mock-transfected cells, Nutlin-3 treatment alone resulted in clear ERK activation similar to that obtained by 2 min of stimulation with IGF-1 (Figure 5c ). Depletion of IGF-1R led to a substantial inhibition of the Nutlin-3-induced ERK phosphorylation with or without IGF-1 stimulation with the latter being completely abolished. Further confirming IGF-1R/Mdm2 interaction dependency, Nutlin-3 failed to activate the ERK phosphorylation in the absence of increased Mdm2 (SAOS2) or with a truncated IGF-1R (Δ1245) but did activate it in the MEF cells with full-length IGF-1R (Figure 5d ).
Taken together, these experiments demonstrate the partial agonistic properties of Nutlin-3 for the MAPK pathway, mediated by Mdm2 through IGF-1R ubiquitination. The levels of Nutlin-3-mediated IGF-1R degradation at 48 h were quantified in parallel samples by WB using GAPDH as a loading control (e). Statistical analysis: Nutlin-3-treated cells compared with control-treated cells: *Po0.05, ***Po0.001.
Effects of Nutlin-3 on IGF-1R-modulated biological activities So far, our results demonstrate that Nutlin-3 affects the overall level, ubiquitination status, degradation and signaling dynamics of the IGF-1R. In particular, Nutlin-3 synergizes with IGF-1 in promoting IGF-1R ubiquitination and degradation, while enhancing MAPK signaling activation. The longer-term effect of receptor degradation competes with and eventually outweighs the shortterm effect of increased ERK activation, so we next investigated how these seemingly counteracting effects alter IGF-1R cancer relevant bioactivities.
We first investigated how 1 μM of Nutlin-3 affects the tumorigenic potential of wtp53 DFB cells and mtp53 BE melanoma cells, as indicated by their ability to grow in anchorage-independent conditions, measured by colony formation in soft agar. Nutlin-3 inhibited the wtp53 DFB cell growth by 50%, whereas the mtp53 BE cell growth was inhibited by only 15% (Figure 6a) .
Although the colony-formation assay provides evidence regarding the growth-suppressive effects of Nutlin-3 in the absence of matrixinduced cell survival signaling, it cannot fully determine the extent of IGF-1R contribution, as colony growth must be supported by full serum conditions. To specifically measure the effects of Nutlin-3 on IGF-1-mediated cell growth in anchorage-independent conditions, we used poly-2-hydroxyethylmethacrylate (poly-2-HEMA)-coated cell culture plates to prevent cell adhesion in a serum-free-based assay. After 48 h, IGF-1 alone had marginally increased cell proliferation in both cell lines, while 1 μM Nutlin-3 decreases cell number in the wtp53 cells irrespective of ligand stimulation (Figure 6b) .
We next tested the IGF-1-dependent effects of Nutlin-3 on proliferation in an even less severe, adherent environment. Serumstarved cells were treated with and without Nutlin-3 and stimulated with and without IGF-1 for 24 and 48 h. Control and treated cells were analyzed for total cell number, and equivalent cell samples were analyzed by fluorescence-activated cell sorter (FACS) for cell cycle phase distribution (Figures 6c and d) . Without serum, Nutlin-3 increases by 10-20% the total number of cells while decreasing their responsiveness to IGF-1 (Figures 6c and d) . This effect is not only enhanced over time and is more evident in the wtp53 DFB cells but also occurs to a lesser extent in the mtp53 BE cells. The same pattern was displayed by the wtp53 MelJuSo, whereas mtp53 Mel28 were not affected (data not shown). Together, the proliferation data indicate a seemingly paradoxical behavior: Nutlin-3 treatment increases the total number of the cells in all cell lines (more evident in mtp53 cells) yet decreases the proportion in the proliferative phases (more evident in the Figure 7 . Effect of Nutlin-3 on IGF-1R-dependent melanoma migration and invasion. (a) Effect of Nutlin-3 on wound closure migration. A wound made in confluent monolayer of melanoma cells was treated with or without 1 μM Nutlin-3 for 8 h followed by IGF-1 stimulation for the indicated times. The rates of wound closure migration are displayed relative to the untreated cells control (C) as the mean ± s.e.m. from three independent experiments. (b-e) Effect of Nutlin-3-induced unbalanced IGF-1R signaling on migratory and invasive phenotype of the melanoma cells. Cells were treated with or without 1 μM Nutlin-3 for 12 h in serum-containing media to initiate IGF-1R downregulation. The Nutlin-3 effect on unbalanced response to IGF-1 was verified by WB testing the levels of p-IGF-1R, p-AKT, p-ERK and GAPDH as a loading control in lysates from the cells that were serum starved for 3 h before IGF-1 stimulation (c). Parallel samples pretreated with Nutlin-3 were fluorescently labeled with Dilc12 and then plated on the top of the transwell migration chambers, without (migration) or with (invasion) a layer of 5% Matrigel using 15% serum as a chemoattractant in the lower chamber and stimulated or not with IGF-1 in the top chamber. Bottom fluorescence of migrated/invaded cells was read at 6, 12 and 24 h time points and displayed as a percentage of the total number of the cells plated on the top chamber at time 0 (b). Cells treated as in panels (b and c) were used to evaluate the effects of Nutlin-3 on MMP-2 transcript expression by qRT-PCR (d) and to measure total and endogenously activated MMP-2 levels secreted in the culture media by enzyme-linked immunosorbent assay (e). MMP-2 transcript levels are normalized to GAPDH and displayed as a mean fold change ± s.e.m. relative to an untreated control (d). MMP-2 protein levels in the conditioned media are normalized to the total protein concentration in the cell lysates (ng/mg) and displayed as the mean of the absolute values ± s.e.m. (e). Statistical analysis: Nutlin-3-treated cells compared with control-treated cells: *Po0.05, ***Po0.001. wtp53). When compared with the IGF-1 alone conditions, Nutlin-3 decreases or completely abolishes the response to IGF-1 in wtp53 and mtp53 cells, respectively. An extended (48 h) Nutlin-3 treatment further decreases the proportion of proliferating cells in all cell lines and completely abolishes the responsiveness to IGF-1, as demonstrated both by the cell cycle analysis and the cell viability assay (Figures 6c and d) . The reduction in IGF-1R was still sustained at this longer time point of 48 h treatment, as confirmed by WB analysis (Figure 6e ).
Effects of Nutlin-3 treatment on IGF-1R-dependent melanoma migration and invasion IGF-1R is a master regulator of the mechanisms controlling migration and invasion, essential components of the metastatic behavior. Hence, we next investigated the effect of Nutlin-3 treatment on the migratory phenotype of melanoma cells. As a pilot experimental approach, we used a monolayer wound-healing assay to evaluate the effects of Nutlin-3 on IGF-1-induced cell migration. In both wtp53 and mtp53 cell lines, 24 h of IGF-1 increases migration by around 50% (Figure 7a ). Nutlin-3 treatment slightly increases this effect in the mtp53 BE cells, while decreasing it in the wtp53 cells. Notably, the wound-healing assay suggests that migration was preferentially inhibited towards the end of the experiment rather than during the first 8 h (Figure 7a ), which coincides with the time frame of the Nutlin-3-induced early ERK activation at the expense of IGF-1R degradation. To confirm this behavior and extend our investigation into analyzing invasion and its dependency on IGF-1R expression and signaling, we employed a modified Transwell chamber assay allowing real-time analysis by fluorescent detection of prelabeled cells. The concurrent downregulation/signaling dual outcome was exposed by initiating IGF-1R depletion with Nutlin-3 treatment for 12 h serum (as in Figure 2c ), followed by a 3 h serum starvation before testing receptor response to IGF-1. In both BE and DFB cell lines, IGF-1 induces receptor phosphorylation and balanced signaling through the ERK and AKT pathways, yet in the Nutlin-3-treated cells, the levels of IGF-1R and AKT phosphorylation after 5 or 60 min stimulation were considerably lower compared with untreated, indicating a reduction in IGF-1R at the cell surface (Figure 7c ). On the other hand, the IGF-1R signaling was selectively directed toward MAPK pathways in Nutlin-3-treated cells as ERK was hyperphosphorylated, even in the absence of the ligand. We tested the effect of this unbalanced IGF-1R signaling on migratory and invasive phenotype of the melanoma cells. Fluorescently labeled cells, pretreated with Nutlin-3 as in Figure 7c for 12 h, were plated in the top chamber with IGF-1 as a stimulus, and 15% serum as a chemoattractant in the lower chamber. As a negative control, serum-free media was used in the lower chamber with o2% of the cells demonstrating migration (data not shown). In the absence of treatment, the cells migrate through the membrane toward the serum in a time-dependent manner (Figure 7b, top panel) . This is greatly enhanced by IGF-1 stimulation (Figure 7b, lower panel) especially during the first 12 h. In conditions with Nutlin-3 pretreatment unbalanced IGF-1R signaling, the initial (6 h) migratory phenotype of both melanoma cell lines was slightly enhanced; however, this lead diminishes over time and by the end of the experiment the cell migration kinetics of the Nutlin-3-treated cells is much slower than in the control group (Figure 7b, top panel) . IGF-1 stimulation amplified the differences between Nutlin-3-treated cells and their control, with enhanced early migratory potential that is reversed by the end of the experiment in both cell lines (Figure 7b, lower panel) . In mtp53 cells, the boost in migration occurs earlier and lasts longer than in wtp53 cells. By adding Matrigel-a reconstituted basement membrane-we were able to study the effect of Nutlin-3 treatment on the invasive potential. In the absence of IGF-1 stimulation, about 15-20% of the migrating cells were able to degrade and pass through the basement membrane after 24 h and this process was completely blocked by Nutlin-3 pretreatment (Figure 7b, top panel) . IGF-1 stimulation doubled the invasive potential of the control group, with 40% of the migrating cells actively invading the basement membrane by 24 h (Figure 7b , lower panel). Intriguingly, although Nutlin-3 increases the early migratory phenotype, this behavior did not translate into an increased invasive phenotype, and the overall IGF-1-mediated invasion of both cells lines was completely inhibited by Nutlin-3 treatment. As IGF-1R was previously demonstrated to control the invasive phenotype through positive regulation of matrix metalloproteinase type 2 (MMP-2), 52, 53 we investigated the effect of Nutlin-3 on IGF-1R-mediated expression and activation of MMP-2. We measured the MMP-2 transcript levels in the cells by qRT-PCR, and both the active and pro-MMP-2 secreted protein levels in the cell-conditioned media. The cells were treated or not with Nutlin-3 for 12 h in serum culture conditions to initiate IGF-1R parallel downregulation/signaling (as in Figures 7b and c) . This was followed by serum-free incubation in the presence or absence of IGF-1, and culture media or RNA samples were collected at various time intervals. The MMP-2 RNA levels (Figure 7d) as well as the levels of total secreted MMP-2 (active and inactive; Figure 7e In the cells pretreated with Nutlin-3, IGF-1-mediated MMP-2 activation was completely blocked, to below unstimulated levels (Figure 7e ). This Nutlin-3-mediated decrease in IGF-1-dependent invasion through MMP-2 is controlled by a posttranscriptional mechanism, as the MMP-2 transcript levels were unmodified in the same conditions (Figure 7d) .
Altogether these results demonstrate a dual effect of Nutlin-3 on IGF-1R-mediated bioactivities: (i) a modest inhibition of cell proliferation, that manifests itself more in wtp53 cells and at later time points; and (ii) biphasic effects on the migratory phenotype, with an early increase and late decrease in the number of migratory cells, more evident in mtp53 cells, while the invasiveness decreased following Nutlin-3 treatment regardless of the p53 status by reduced IGF-1-mediated MMP-2 activation.
DISCUSSION
The malignant phenotype is defined by orchestrated interactions between loss of tumor-suppressor mechanisms and gain of tumorpromoting signaling. 54 Probably the best-known feedback system in cancer pathogenesis is represented by the p53/Mdm2 interaction. Based on its ability to inactivate the 'good cop', p53 tumor suppressor, the classical paradigm describes Mdm2 as an oncogene and therapeutic strategies developed during the past decades specifically aimed to rescue p53 functions by antagonizing its natural inhibitor. Studies in several cancer types in which p53 is functionally inactivated demonstrated that p53 protein and activity levels are strongly induced by Nutlin-3. Yet, the outcome of Nutlin-3 treatment on Mdm2 expression and function has not been investigated. Hence, as the first key finding, the present study reveals that p53-released Mdm2 is functionally active toward the IGF-1R, another major cancer-relevant substrate. Three lines of evidence support this conclusion: first, we demonstrated that Nutlin-3-mediated IGF-1R degradation was dependent on the ligand-induced conformational changes; second, by co-IP we confirmed that Nutlin-3 induced IGF-1R/Mdm2 association and subsequent receptor ubiquitination, and finally, we established that Nutlin-3-induced IGF-1R degradation is prevented when Mdm2/IGF-1R interaction is inhibited (C-truncated IGF-1R) or Mdm2/p53 regulatory loop is absent (SAOS cells).
As IGF-1R inhibition at the transcriptional level is one critical mechanism by which p53 exerts its tumor-suppressor function, a key question was whether the identified IGF-1R downregulation was mediated by Mdm2 at the protein level or transcriptionally by Nutlin-3-reactivated p53. Our data support the first scenario as qPCR revealed no changes of the IGF-1R mRNA level following Nutlin-3 treatment. In addition, Nutlin-3-mediated receptor downregulation was demonstrated to be dependent on receptor conformation (ligand induced) as well as on a functional IGF-1R/ Mdm2 interaction. It should be noted here, that in the absence of the ligand, Nutlin-3 seems to slightly enhance the expression of the IGF-1R in melanoma cells (Figure 3a ) and more evident in MEF cells (Figures 4d and e) . This suggests that, without ligand, ubiquitination levels do not reach the threshold required for targeting the receptor to the degradation pathways and instead drives receptor recycling, protecting its overall expression. 16 The second key finding of the present report is the identification of the agonistic properties of Nutlin-3, demonstrated to activate ERK signaling as a result of IGF-1R ubiquitination. Thus, in addition to receptor degradation, Nutlin-3 triggers IGF-1R-dependent activation of the MAPK/ERK signaling pathway even in the absence of ligand stimulation. These results were confirmed both in mtp53-and wtp53-expressing cells and were demonstrated to be dependent on Mdm2/IGF-1R interaction.
It has been postulated that non-cancerous cell proliferation depends on prolonged exposure to mitogens that could be separated into a distinctive two-pulse scenario: a first signaling wave that includes ERK as a priming process, driving cells into early G1, which parallel a p53-regulated restraining response. 55 A second pulse of mitogens generates PI3K signals that release the p53 constraint as well as generating a sustained MAPK signal, helping the cells to complete the cell cycle. 55 In the context of cancer, as the p53-constraining mechanism is inactivated, the cells would become responsive to subthreshold exposures to growth factors, thus creating growth advantage over the normal cells. In the case of melanoma, in which MAPK pathway is constitutively activated by Ras/BRAF mutation, the control mechanism represented by MAPK threshold is easily surpassed.
This scenario is consistent with the biphasic biological effects observed following Nutlin-3 treatment as well as with the downregulation and signaling activation dual role of Mdm2 on IGF-1R. Exposure to low doses of Nutlin-3 initiates the first signaling wave, stimulating the cells to enter into the cell cycle, thus explaining the initial increase in cell proliferation. As Nutlin-3 also activates the p53-restraining response, the effect is revealed in wtp53-expressing cells. On the other hand, this MAPK activation is carried out at the cost of IGF-1R downregulation and unbalanced MAPK/PI3K signaling, which in turn will affect the second signaling wave and prevent entry into a new proliferative cycle. As IGF-1R is depleted by Nutlin-3 treatment, the effects of unbalanced MAPK/PI3K on cell viability are revealed following 48 h Nutlin-3 treatment.
An intriguing finding of the present study is the effect of IGF-1R downregulation by Nutlin-3 treatment on the major mechanisms controlling melanoma metastasis. Although increasing the migratory capacity of the melanoma cells, Nutlin-3 treatment completely abolishes their invasive potential. Although migration is dependent mostly on the MAPK pathway, it is not surprising that Nutlin-3-induced ERK activation promotes cell mobility. On the other hand, invasive cells required MAPK/PI3K balanced activation and responsive IGF-1R to control MMP-2 activation through the membrane-type MMPs (MT1-MMP). [56] [57] [58] [59] The latter pathways were both crippled by Nutlin-3-induced IGF-1R downregulation.
Acting as a ubiquitin ligase for both p53 and IGF-1R, Mdm2 is a master regulator of the pathways converging in stress-induced survival: p53 accumulation halts the cell cycle, allowing for adequate DNA repair, while an Mdm-2-activated IGF-1R allows for cell survival and a return to the cell cycle once appropriate. 15 UV-irradiated human melanocytes (harboring wtp53) increase their levels of IGF-1R and cell survival as a result of Mdm2 sequestration by accumulated p53. Conversely, in conditions where Mdm2 was prevented from interacting with p53, IGF-1R expression was drastically decreased along with cell viability. 13 Within the same scenario, preventing p53-Mdm2 interaction, Nutlin-3 amplifies IGF-1R-Mdm2 association, unbalancing its signaling.
As both the p53 and IGF-1R pathways are being targeted by cancer therapeutics in studies and trials, 60, 61 it is crucial to understand how targeting of one might affect signaling through the other. We demonstrated that disruption of the Mdm2-p53 interaction by Nutlin-3 treatment in melanoma, allowing Mdm2 accumulation, will have subsequent effects on the Mdm2-dependent ubiquitination of IGF-1R and will therefore affect IGF-1 signaling dynamics and alter cancer-relevant cell behaviors: proliferation, migration, and invasion.
Taken together, our results provide fundamental insights into Mdm-2 activation in melanoma cells, which result in destabilization of the p53/Mdm2/IGF-1R axis with receptor downregulation and MAPK/PI3K unbalanced signal activation. These mechanisms can be targeted through small-molecule inhibitors and potentially deployed for therapeutic gain.
MATERIALS AND METHODS

Cell lines and materials
Mel28 and MelJuSo were obtained from ATCC (Manassas, VA, USA) and BE and DFB were obtained from Dr Rolf Kiessling, KI, Stockholm, Sweden.
62 BE contains a hot-spot mutation in the p53 codon 248 and Mel28 contains a mutation in codon 145. 13, 63, 64 Sequencing of all melanoma cell lines confirmed their previously reported p53 status (data not shown).
13,65 BE and DFB were grown in RPMI supplemented with 10% (v/v) fetal bovine serum (FBS), MelJuSo in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) FBS and Mel28 in Minimum Essential Medium supplemented with 10% (v/v) FBS. All melanoma cell lines were sequenced to confirm their known p53 status. MEF and Δ1245 (IGF-1R null background cells stably transfected with IGF-1R with C-terminal tail truncation at residue 1245) were obtained from Dr Renato Baserga, Thomas Jefferson University, Philadelphia, PA, USA 66 and grown in Dulbecco's modified Eagle's medium supplemented with 10% FBS and 100 μg/ml G418. SAOS2 (human osteosarcoma cell line) was obtained from ATCC and grown in Iscove's Modified Dulbecco's Medium supplemented with 10% FBS. All human cell lines were verified for authenticity by short tandem repeat profiling. Mouse cell lines were authenticated by examination of morphology, growth characteristics and the expression of truncated IGF-1R. All cell lines were tested for mycoplasma contamination regularly.
Nutlin-3 was dissolved in dimethyl sulfoxide at 2 mM and diluted in cell medium prior to use. Recombinant human IGF-1 was dissolved in 2% (w/v) bovine serum albumin (BSA) at a concentration of 50 mg/ml. All materials were from Sigma Aldrich Ltd. (sc-126, 1:1000 in milk), Mdm2 (sc-5304, 1:500 in milk), ubiquitin (P4D1, sc-8017, 1:1000 in milk) and GAPDH (sc-25778, 1:4000 in milk) were from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Following TBST washes, membranes were incubated with the appropriate horseradish peroxidasecoupled secondary antibody from Pierce (Rockford, IL, USA) at 1:2000 in milk TBST at room temperature for 1 h. Membranes were incubated with ECL substrate (Pierce) for 1 min and exposed to film or imaged using the Odyssey system (Li-cor, Lincoln, NE, USA). Data shown as images are from one representative experiment of at least three experiments.
Densitometric analysis of western transfer analysis
Western transfer analysis bands were quantified using the ImageJ program (http://rsbweb.nih.gov/ij/), subtracting the background level.
Cell viability assay
Cells in complete medium in 96-well plates were allowed to attach. Each condition was performed in triplicate and an untreated control was included. Cells were incubated with PrestoBlue (Life Technologies) reagent for 30 min and the fluorescence from excitation at 560 nm and emission at 590 nm was measured. A standard curve was used to interpolate fluorescence to cell number.
IGF-1R immunoprecipitation
Following treatment, cells cultured in six-well plates were washed with PBS, lysed in 500 μl lysis buffer (110 mM KOAc, 0.5% (v/v) Triton X-100, 100 mM NaCl, buffering salts pH 7.4) and the protein concentration was determined by bicinchoninic acid assay (Pierce). Dynabeads protein G (10 μl; Invitrogen) and 1 μg antibody were added to 500 μg of protein.
After overnight incubation at 4°C on a rotator platform, the immunoprecipitate/Dynabeads were collected on a magnetic rack, the supernatant discarded and the beads were washed with lysis buffer and dissolved in the SDS-PAGE sample buffer.
qRT-PCR for IGF-1R, GAPDH and MMP-2 qRT-PCR for the IGF-1R/GAPDH experiment ( Figure 4 ) was performed using the GeneJet RNA Purification Kit (Fermantas, St Leon-Rot, Germany) and Sigma synthesized primers: GAPDH: F 5′-GGGAAGCTTGTCATCAATGG-3′, R 5′-CTCCATGGTGGTGAAGACG-3′, IGF-1R: F 5′-TGAGAAAGGGGAATTTCATCC -3′, R 5′-ATAGTCGTTGCGGATGTCG-3′, with a SYBR Green/ROX qPCR Master Mix (Fermentas, Thermo Fisher Scientific, Göteborg, Sweden) as previously described. 40 For the MMP-2 experiment (Figure 7 ), RNA extraction was carried out using a PureLink RNA Kit (Ambion) according to the manufacturer's instructions. A 1 μg aliquot of RNA was treated in 1 μl 10X DNase I Reaction Buffer, 1 μl DNase I, Amp Grade (Invitrogen) for 15 min at room temperature. The DNase was inactivated by addition of 1 μl of 25 mM EDTA solution to the reaction mixture. The mixture was heated for 10 min at 65°C. MMP-2 gene expression was measured using FAM-labeled TaqMan assay (RNA to ct One Step Kit, Applied Biosystems, Göteborg, Sweden) and specific human probes (Hs01548727_m1) for MMP-2. Real-time qPCRs were performed with the StepOne Plus Real-Time PCR System (Applied Biosystems).
PCR amplifications were performed in a total volume of 20 μl Master Mix, containing 5 μl sample, TaqMan RT-PCR Mix (2 × ), TaqMan RT Enzyme Mix (40 × ), TaqMan Gene Expression Assay (Applied Biosystems) and H 2 O. Predeveloped GAPDH endogenous control reagents were used as control genes from the same samples. MicroAmp Optical 96-Well Reaction Plates and Optical Caps (Applied Biosystems) were used in reactions. Reaction conditions were as follows: 15 min at 48°C and 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Relative expression levels were determined by the ΔΔCт method. 67 Cell cycle distribution analysis Following treatment, cells were collected and centrifuged at 1500 r.p.m. for 4 min to pellet. The supernatant was discarded and the pellet was resuspended dropwise in 0.5 ml 4% formalin and fixed for 412 h. Following centrifugation at 1500 r.p.m. for 4 min, the pellet was resuspended dropwise in 0.5 ml of 95% ethanol and incubated for 41 h. Cells were rehydrated in water and treated with protease subtilisin Carlsberg for 1 h at 45°C. Nuclei were then stained with 4,6-diamidino-2-phenylindole for 30 min before analysis by FACS. 68 poly-2-HEMA growth assay Tissue culture plate wells were coated with 200 μg/cm 2 of poly-2-HEMA solution dissolved in 95% ethanol and left to dry. Cells were plated and treated in the wells, and the cell viability was assayed.
Wound-healing assay
Cell monolayers at high confluency in 24-well plates were wounded with a p200 pipette tip and washed with PBS, and the serum-free medium was added. During treatment, wounds were photographed at 0, 8 and 24 h. Wound width at each time point was measured using ImageJ (http:// rsbweb.nih.gov/ij/) and the extent of movement at each wound edge was calculated (average wound width at 0 h − average wound width at 24 h)/2.
Colony-formation assay
Forty-eight-well plate wells were coated with 100 μl of molten 0.6% agar in growth medium and allowed to set. Cells were resuspended in molten 0.3% agar in growth medium at 40 000/ml, and 50 μl was added to each well. Complete growth medium was added to the well, and the cells were incubated for 14 days, changing the growth medium every 3 days. The colonies were stained using a 0.005% (w/v) crystal violet stain for 1 h, and excess stain was removed with PBS washes. The wells were photographed, and the colonies were counted using the Image J software.
Migration/invasion assay
The migratory/invasive potential of the cells was tested using BD BioCoat Tumor Invasion System (BD Biosciences-Europe, Oxford, UK) as previously described. 40 The system consists of a BD Falcon FluoroBlok 24-Multiwell Insert Plate with an 8-μm pore size PET membrane coated with Matrigel, for invasion, or uncoated for migration. Cells were stained with Dilc12 for 2 h and seeded at 5 × 10 4 cells in 500 μl of serum-free medium with IGF-1 (20 ng/ml) onto the apical chamber. In all, 500 μl of media containing 10% serum was added to the bottom chamber as chemoattractant. Equal seeding was verified by measuring the top fluorescence. The plates were incubated at 37°C in a humidified 5% CO 2 atmosphere for 24 h. During incubation, the fluorescence of the invaded cells on the bottom side of the membrane was measured using a Tecan Infinite M1000 plate reader (Tecan Group Ltd, Männedorf, Switzerland) at 6-, 12-and 24-h time points. Data were converted, using a standard curve, to percentage of the total cells added to the top chamber at the start of the experiment. Each experiment was performed in triplicate.
MMP-2 enzyme-linked immunosorbent assay MMP-2 activity was measured using the Amersham Biotrak Activity Assay System (GE Healthcare UK Ltd, Buckinghamshire, UK). Cells were plated, allowed to attach in complete growth media, washed with PBS and changed to serum-free media. As well as a serum-free media only control, one group received IGF-1 (50 ng/ml) and the third received IGF-1 (50 ng/ ml) and Nutlin-3 (1 μM). Cells were incubated with their respective medias for 12 h, after which time the conditioned media was collected and cells discarded. Levels of active MMP-2 in the collected conditioned media were assayed by following the MMP-2 Biotrack Activity Assay manufacturer's protocol. Briefly; conditioned media was added to an anti-MMP-2-coated 96-well microplate to capture endogenous MMP-2. Following washing steps, MMP-2 levels are detected by way of a detection reagent and optical density 405-nm reading using a TECAN infinite M1000 plate reader (Tecan Group Ltd), and signal conversion using a standard curve of known MMP-2 concentration. Quantification of the total and endogenously active MMP-2 was performed by adding p-aminophenylmercuric acetate solution to obtain a 'Total MMP-2' for that sample.
Statistical analysis
Where indicated, data from a minimum of three independent experimental replicates of two conditions were compared using a two-tailed, unpaired t-test assuming equal variance. As part of the experimental design, before performing the experiment, a threshold value of P = 0.05 was chosen for Mdm2/IGF-1R/p53 axis in skin melanoma C Worrall et al testing the null hypothesis. The variances of the experimental groups that are being compared were not statistically different. Data expressed with error bars show mean ± s.e.m. from three independent biological experiments, unless otherwise stated. Significance is given as *Po0.05, **Po0.01, ***Po0.005.
